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Abstract. Production of massive stable relics in R2-modified gravity is considered. It is shown
that the cosmological evolution and kinetics of massive species differs significantly from those
in the conventional cosmology. The results are applied to the lightest supersymmetric particles
and it is argued that they are viable candidates for the constituents of dark matter, if their
mass is about 1000 TeV.
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1 Introduction
Since the first indications to existence of Dark Matter (DM) by Kapteyn [1], Oort [2] and
Zwicky [3] in 1933 and later confirmation in 1970s [4–6] many theoretical models have been
proposed to describe this elusive form of matter.
An accepted property of the DM particles is that they are electrically neutral1 since they
don’t scatter light, hence the name Dark matter. Otherwise their properties are practically
unknown. This opened possibilities for innumerable particles to be DM candidates.
A natural, and formerly very popular, candidate for dark matter particle is the lightest
supersymmetric particle (LSP) which should be stable if the so-called R-parity is conserved.
The latest reviews on SUSY dark matter, and not only, can be found in Refs. [7–11].
An extensive search for the low energy supersymmetry performed at LHC led to nega-
tive results. Thus, if supersymmetry exists, its characteristic energy scale should be, roughly
speaking, higher than 10 TeV. The cosmological energy density of LSPs is proportional to their
mass squared, ρLSP ∼ m2LSP , and for mLSP ∼ 1 Tev ρLSP is of the order of the observed en-
ergy density of the universe. Correspondingly for larger masses such particles would overclose
the universe. This unfortunate circumstance excludes LSPs as dark matter particles in the
conventional cosmology.
There are several attempts in the literature to save supersymmetric dark matter by mod-
ifying the cosmological scenarios of LSP production in such a way that the relic density of
heavy LSP would be significantly suppressed. For example in the paper [12] a detailed study
of non-thermal production of heavy relics is performed. Recently in Ref. [13] a specific scenario
has been studied, which is based on the assumption that after the freezing of LSP the universe
was matter dominated and this epoch transformed into the radiation dominated stage with low
reheating temperature. Similar idea was discussed earlier in paper [14], where it was assumed
that at some early stage the universe might be dominated by primordial black holes which
created the necessary amount of entropy to dilute the heavy particle relics.
The R2 inflation was generalized to supergravity in the series of papers [15–17] and refer-
ences therein. In particular in Ref. [16] a scenario with superheavy gravitino, which may be a
viable candidate for dark matter particle, was considered. The mechanism considered there is
different from that proposed below.
1It is nevertheless possible that dark matter particles have a tiny electric charge or even a ”normal” charge
but very high mass, so the Thomson scattering is strongly suppressed.
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In this paper we show that in (R + R2)-gravity the energy density of LSPs may be much
lower and so it reopens for them the chance to be the dark matter. This possibility was
mentioned in our previous paper [18] but we didn’t present there any calculations, which are
done in the present work.
The paper is organized as follows. In Sec. 2 we summarise the essential features of
cosmological evolution of the energy density of ordinary matter in Starobinsky inflationary
scenario [19–21] and compare them with that in General Relativity (GR). In Section 3 the
cosmological density of massive stable relics, in particular of LSP, is calculated for the case of
dominant production of scalar particles by the oscillating curvature R(t) (in other words, by the
scalaron decay). It is assumed in this Section that the scalar particles are minimally coupled
to curvature. In the following Sec. 4 the same is done for the predominant scalaron decays into
spin 1/2 fermions or into scalars with conformal coupling to curvature. The results of sections
3 and 4 are grossly different. In Sec. 5 comments on gauge boson production due to conformal
anomaly are presented. Lastly we conclude.
2 Evolution of matter density: R2-gravity versus General Relativity
The cosmological evolution in (R+R2) theory was studied in the paper [22] and recently in our
work [18]. According to Ref. [18], the cosmological evolution in R2-theory can be separated into
four distinct epochs. Firstly, there was the inflationary stage, when the curvature scalar was
sufficiently large, and the universe expanded exponentially with slowly decreasing R(t). The
second epoch began, when R(t) approached zero and started to oscillate around it as
R = −4mR cos(mRt+ θ)
t
, (2.1)
where mR is the scalaron mass taken as 3× 1013 GeV. At this stage the Hubble parameter has
the form
H =
2
3t
[1 + sin(mRt+ θ)] . (2.2)
The oscillations of R gave rise to the particle production, but the energy density of the produced
particles was negligible and had no noticeable impact on the cosmological evolution. So this
period can be called scalaron dominated regime. It was followed by the transition period from
scalaron domination to domination of the usual (relativistic) matter. Lastly, after complete
decay of the scalaron we arrive to the conventional cosmology governed by General Relativity.
Here we are mostly interested in the scalaron dominated period, during which cosmology
and particle kinetics essentially differ from those in GR. The energy density of the produced
particles depends upon the form of their coupling to curvature R(t). Because of the Parker
theorem [23], production of massless particles in FLRW-metric is absent in conformally invariant
theory. Massless scalar field with minimal coupling to gravity, as known, is not conformally
invariant. The width of the decay into two scalars does not vanish in the limit of zero mass, see
e.g. [18], and is equal to:
Γs =
m3R
48m2Pl
, (2.3)
where mPl is the Planck mass. Correspondingly, the energy density of massless scalars, ρs,
created by the oscillating R(t), is:
ρs =
m3R
120pit
. (2.4)
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Massless fermions are conformally invariant and so only massive fermions can be produced with
probability proportional to the square of their mass, mf . The width of the scalaron decay into
pair of fermions is [24]:
Γf =
mRm
2
f
48m2Pl
, (2.5)
Decay probability is dominated by the heaviest fermion. More accurately we should take sum
over all fermionic species. Hence the energy density of the produced relativistic fermions is
equal to
ρf =
mRm
2
f
120pit
. (2.6)
Similar suppression factor proportional to the boson mass squared appears for scalar particles
with conformal coupling to gravity.
Normally the energy density of relativistic matter drops down as 1/a4(t), where a(t) is the
the cosmological scale factor, which at the described stage rises as a(t) ∼ t(2/3). So naively one
would expect that ρ ∼ 1/t(8/3). However, the laws (2.4) and (2.6) demonstrate much slower
decrease of the energy density of matter, which is ensured by the flux of energy from the scalaron
decay.
Expressions (2.4) and (2.6) can be compared with the energy density of matter in the
standard GR cosmology:
ρGR =
3H2m2Pl
8pi
=
3m2Pl
32pit2
. (2.7)
Let us derive equations connecting temperature with time for different expressions for
energy density of matter (2.4), (2.6), and (2.7). Assuming that the equilibrium with temperature
T is established, we estimate the particle reaction rate as
Γscat ∼ α2βscatT, (2.8)
where α is the coupling constant of the particle interactions, typically α ∼ 10−2, and βscat is
the number of scattering channels, βscat ∼ 100. Equilibrium is enforced if Γscat > H ∼ 1/t or
α2βscatTt > 1. The energy density of relativistic matter in thermal equilibrium is expressed
through the temperature as:
ρtherm =
pi2g∗
30
T 4 (2.9)
where g∗ is the number of relativistic species in the plasma. We take g∗ ∼ 100.
Using equations (2.4) and (2.9), we find the equilibrium condition for the case of scalaron
decay into a pair of massless scalars:(
α2βscatTt
)
s
=
α2βscat
4pi3g∗
(mR
T
)3 ≈ 8 · 10−7 (mR
T
)3
> 1. (2.10)
Analogously from (2.6) and (2.9) follows that thermal equilibrium in the case of the decay into
a pair of fermions is established, when
(
α2βscatTt
)
f
=
α2βscat
4pi3g∗
mRm
2
f
T 3
≈ 8 · 10−7 mRm
2
f
T 3
> 1. (2.11)
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On the other hand, for the GR-cosmology it follows from Eqs. (2.7) and (2.9) that the equilib-
rium is established when:
(
α2βscatTt
)
GR
= α2βscat
(
90
32pi3g∗
)1/2 mPl
T
≈ 3 · 10−4 mPl
T
> 1. (2.12)
Let us estimate now the so-called heating temperature, that is the temperature of the cos-
mological plasma after complete decay of the scalaron. It can be estimated from the expression
for the energy density of matter at the time moment equal to the inverse decay width td = 1/Γ.
For the decay into scalars Γ is given by Eq. (2.3) and
ρs(td = 1/Γs) =
m3R
120pitd
=
m6R
5760pim2Pl
=
pi2
30
g∗T 4hs . (2.13)
Hence the heating temperature for the dominant decay of the scalaron into scalar particles is
equal to:
Ths ≈ mR
(192pi3)1/4
(
mR
mPl
)1/2
. (2.14)
For mR = 3× 1013 Gev Ths ≈ 6× 108 GeV.
Analogously, using Eqs. (2.6) and (2.5), we find the temperature of the universe heating
for the case of scalaron decay into fermions:
Thf =
1
(192pi3g∗)1/4
(
mR
mPl
)1/2
mf ≈ 5.7 · 10−5mf . (2.15)
In both cases the heating temperature is considerably lower than the temperature at which
thermal equilibrium is established, see Eqs. (2.10) and (2.11).
3 LSP density for the scalaron decay into scalars
The freezing of massive particle species, X, is governed by the following equation:
n˙X + 3HnX = −〈σannv〉
(
n2X − n2eq
)
, (3.1)
where nX is a number density of particles X, σann is their annihilation cross-section, v is the
center-of-mass velocity. The angle brackets mean thermal averaging over the medium. For
annihilation of the non-relativistic particles the averaging is not essential, i.e. 〈σannv〉 = σannv.
The equilibrium number density of X-particles, neq, is given by the expression
neq = gs
(
MXT
2pi
)3/2
e−MX/T , (3.2)
where gs is the number of spin states of X-particles and MX is their mass.
The annihilation cross-section can be estimated as
σannv =
α2βann
M2X
, (3.3)
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where βann is a numerical parameter proportional to the number of open annihilation channels,
it can be of order of ten or even larger; α is a coupling constant. In supersymmetric theories
α ∼ 0.01.
This equation was derived in 1965 by Zeldovich [25] and collaborates [26, 27]. Twelve
years later equation (3.1) was applied to determination of cosmological density of heavy neutral
leptons [28, 29]. Presently this equation is called the Lee-Weinberg equation, though justly it
should be called the Zeldovich equation.
In our case an additional term describing X-particle production by R(t) should be included
into Eq. (3.1). However we assume that this channel is suppressed in comparison with inverse
annihilation of light particles into XX¯-pair.
We do not specify which precisely supersymmetric particle is the lightest (it can be, e.g.,
sneutrino, neutralino or gravitino). We only need the value of its mass, MX , and the magnitude
of the annihilation cross-section (3.3).
We assume that the plasma is thermalised that is the temperature satisfies the condition
(2.10).
In what follows we perform calculations in parallel for R2-cosmology and for the classical
GR-cosmology.
During the radiation dominated stage in GR frameworks we have:
H = 1/(2t), a(t) ∼ t1/2. (3.4)
Equating the critical energy density (2.7) to the energy density of relativistic plasma with
temperature T (2.9)
ρGR =
3m2Pl
32pit2
=
pi2g∗T 4
30
, (3.5)
we find
tT 2 =
(
90
32pi3g∗
)1/2
mPl = const. (3.6)
Correspondingly
T˙
T
= − 1
2t
. (3.7)
Analogously, using Eqs. (2.4) and (2.9)
ρs =
m3R
120pit
=
pi2g∗T 4
30
, (3.8)
we obtain:
tT 4 =
m3R
4pi3g∗
= const (3.9)
and
T˙
T
= − 1
4t
. (3.10)
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To eliminate 3Hn term in Eq. (3.1) let us introduce the new function, f , according to the
relation
nX = nin
(ain
a
)3
f, (3.11)
where nin is the value of X-particle density at a = ain and Tin = MX , so the X-particles can
be considered as relativistic and thus
nin = 0.12gsT
3
in = 0.12gsM
3
X . (3.12)
It is also convenient to introduce new variable x = MX/T .
As we see in what follows, the final result does not depend upon nin and Tin.
In the case of the conventional GR-cosmology using Eqs. (3.6) and (3.7), we arrive to the
equation:
df
dx
= −mPlMXσv
(
45
4pi3g∗
)1/2 (ain
a
)3 nin
T 3
(
f2 − f2eq
)
x2
. (3.13)
Analogously, in R2 theory using Eqs. (3.9) and (3.10), we obtain
df
dx
= −σv m
3
R
pi3g∗MX
(ain
a
)3 nin
T 3
(
f2 − f2eq
)
. (3.14)
We need to determine the values of the products (a3innin)/(a
3T 3), which are very much
different in GR and R2 theories. During the GR regime the product aT is almost constant, up
to the corrections induced by the heating of the plasma by the massive particles annihilation
when the temperature drops below their masses. That’s why the number density of X-particles
calculated in GR are normalized not to the photon density but to the entropy density which is
conserved in the comoving volume. Up to this factor the coefficient (a3innin)/(a
3T 3) in the GR
regime can be taken as unity.
In R2 theory T ∼ t−1/4, a ∼ t2/3, and a3T 3 ∼ 1/T 5, so the ratio (ain/a(t))3 can be
estimated as (
ain
a(t)
)3
=
(
tin
t
)2
=
(
Tin
T
)−8
=
1
x8
. (3.15)
The initial number density of X-particles is taken according to Eq. (3.12) and so
nin
T 3
= 0.12gs
(
MX
T
)3
= 0.12gsx
3. (3.16)
Since the density of X-particles is given by eq. (3.11), its ratio to the number density of photons,
nγ = 0.24T
3, is equal to:
nX
nγ
=
gs
2
f
x5
. (3.17)
The equation (3.14) governing the evolution of X-particles in the scalaron dominated
regime is transformed to
df
dx
= −0.12gsα
2βann
pi3g∗
(
mR
MX
)3 f2 − f2eq
x5
≡ −Qs
f2 − f2eq
x5
, (3.18)
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where
Qs =
0.12 gs α
2βann
pi3g∗
(
mR
MX
)3
. (3.19)
Since the coefficient Qs in front of (f
2 − f2eq) in Eq. (3.18) is normally huge, then initially
the solution is close to the equilibrium one:
f = feq(1 + δ) (3.20)
with δ equal to
δ = − x
5
2Qsf2eq
dfeq
dx
≈ x
5
2Qsfeq
. (3.21)
Note, that dfeq/dx ≈ −feq for large x .This solution is valid till δ remains small, δ ≤ 1.
According to Eqs. (3.2), (3.11), and (3.15)
feq =
1
0.12
( x
2pi
)3/2
e−xx5. (3.22)
and according to Eqs. (3.21) and (3.15) we have:
δ =
x5
2Qsfeq
=
0.06
Qs
( x
2pi
)−3/2
ex, (3.23)
where Qs is given by Eq. (3.19). The deviation from equilibrium becomes of order of unity, or
δ = 1, at the so-called freezing temperature Tfr or at xfr, which is approximately:
xfr ≈ lnQs + 3
2
ln(lnQs)− 3
2
ln(2pi) + ln 0.06 ≈ lnQs + 3
2
ln(lnQs)− 5.7 . (3.24)
Since Qs  1, then xfr is also large, typically xfr ∼ (10− 100) depending upon the interaction
strength.
After x becomes larger than xfr, f
2
eq can be neglected in comparison to f
2 and equation
(3.18) with the initial condition f = ffr at x = xfr is simply integrated giving the asymptotic
result at x→∞:
ffin =
ffr
1 +
Qsffr
4
(
1
x4fr
− 1
x4
) → 4x4fr
Qs
. (3.25)
The last asymptotic limit is valid when x  xfr and Qsffr/(4x4fr) > 1. It is fulfilled because
xfr ∼ lnQs is sufficiently large and according to Eq. (3.22)
Qsffr
4x4fr
∼ x5/2fr  1. (3.26)
Thus ffr tends to a constant value, ffin (3.25), but, according to Eq. (3.17), the ratio
of the number densities of X-particles with respect to photons drops down strongly, as 1/x5,
in contrast to the analogous ratio in GR regime. This decrease is induced by the rise of the
density of relativistic species created by the scalaron decay. This drop continues till Γt ∼ 1,
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when scalaron field disappears and the cosmology returns to the usual GR one. It happens at the
temperature given by Eq. (2.14). This temperature should be compared with the temperature
of the establishment of thermal equilibrium Teq ≈ 2× 10−3mR, as follows from Eq. (2.10).
Our results are valid if Teq > MX > Ths. However, if the condition Teq > MX is not
fulfilled, the cosmological number density of heavy massive particles with masses larger than
Ths would still be suppressed and even stronger than in the case of Teq > MX .
So, to summarise, the ratio of the number densities of X-particles to that of photons drops
down at R2 dominated regime as 1/x5, see Eq. (3.17), but after the complete decay of the
scalaron this ratio remains essentially constant, as it is usual in GR. So the present day ratio
nX/nγ can be estimated as the value of this ratio at T = Ths (2.14), i.e. at x equal to:
xhs = (192pi
3)1/4
(
MX
mR
) (
mPl
mR
)1/2
. (3.27)
Using Eq. (3.25), (3.19) and (3.17), we estimate the number density of the X-particles at the
present time as(
nX
nγ
)
now
=
2gsx
4
fr
Qsx5d
=
pi3g∗x4fr
0.06(192pi3)5/4α2βann
(
mR
MX
)2(mR
mPl
)5/2
, (3.28)
where xfr is determined by Eq. (3.24).
Taking g∗ = 100, α = 0, 01, βann = 10, mR = 3 × 1013 GeV, and nγ = 412 /cm3 we find
for the present day energy density of the X-particles:
ρX = MXnγffin ≈ 1.7× 108
(
1010Gev
MX
)
keV/cm3. (3.29)
This is to be compared with the observed energy density of dark matter ρDM ≈ 1 keV/cm3.
We see that X-particles must have huge mass, much higher than mR to make reasonable dark
matter density. However, if MX > mR, the decay of the scalaron into XX¯-channel would be
strongly suppressed and such LSP with the mass slightly larger than mR could successfully
make the cosmological dark matter. We will not further pursue this possibility here but turn
in the next section to LSP being a fermion or conformally coupled scalar.
4 Decay into fermions or conformal scalars
Let us assume now that scalaron decays only to fermions or to conformally coupled scalars. If the
bosons are coupled to curvature as ξRφ2 with ξ = 1/6, they are conformally invariant and are
not produced if their mass is zero. The probability of production of both bosons and fermions
is proportional to their mass squared. In what follows we confine ourselves to consideration of
fermions only, because there is no essential difference between bosons and fermions. The width
of the scalaron decay into a pair of fermions is given by Eq. (2.5). The largest contribution into
the cosmological energy density at scalaron dominated regime is presented by the decay into
heaviest fermion species.
We assume that the mass of the lightest supersymmetric particle is considerably smaller
than the masses of the other decay products, mX < mf , at least as mX . 0.1mf . Then
the direct production of X-particles by R(t) can be neglected. In such a case LSP are domi-
nantly produced by the secondary reactions in the plasma, which was created by the scalaron
production of heavier particles.
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Using expression (2.15) for the temperature of the universe heating after the scalaron
decay, we find
xhf ≡ mX
Thf
≈ 1.75 · 104 mX
mf
. (4.1)
According to Eq. (2.11) cosmic plasma thermalised at temperatures below
Teqf ≈ 10−2mf
(
mR
mf
)1/3
. (4.2)
The time-temperature dependence, as follows from Eqs. (2.6) and (2.9), is:
tT 4 =
mRm
2
f
4pi3g∗
. (4.3)
Kinetic equation for freezing of fermionic species can be solved in complete analogy with
what was done in the previous section. The relative number density, f , is defined by the same
relation (3.11) and the kinetic equation for f has the same form:
df
dx
= −Qf
f2 − f2eq
x5
, (4.4)
where
Qf =
α2βann
pi3g∗
mRm
2
f
m6X
nin, (4.5)
and nin = 0.09gsm
3
X is the initial number density of X-particles at the temperatures T ∼ mX .
We take as in Sec. 3
f ≈ feq(1 + δ), (4.6)
where
δ ≈ x
5
2Qffeq
. (4.7)
The equilibrium relative number density, feq, is slightly different from the similar quantity for
bosons (3.22) and is equal to:
feq =
1
0.09
( x
2pi
)3/2
e−xx5. (4.8)
The freezing temperature is defined by
xfr ≈ lnQf + 3
2
ln(lnQf )− 3
2
ln(2pi) + ln 0.045 ≈ lnQf + 3
2
ln(lnQf )− 5.86 , (4.9)
and the so called frozen value of f is equal to
ffr =
x5fr
Qf
. (4.10)
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Using expression (4.5) for Qf we find that the frozen number density of X-particles, i.e. taken
at T = Tfr = mX/xfr is
nXfr =
pi3g∗
α2βann ln
3Qf
m6X
mRm2f
. (4.11)
Some additional burning of X-particles takes place during the period, when f > feq and
equation (4.4) is simplified to:
df
dx
= −Qf f
2
x5
. (4.12)
The solution of this equation with the initial condition f(xfr) = ffr for the asymptotic value
at large x xfr is trivially found:
ffin =
ffr
1 +
Qfffr
4
(
1
x4fr
− 1
x4
) → 4x4fr
Qf
. (4.13)
This would be the asymptotic value of the relative number density of the heavy stable
relics in the standard approach. However, nX does not drop down as 1/a
3, but much faster
due to the extra heating of plasma by the scalaron decay, which does not create X-particles if
their coupling to the scalaron is sufficiently weak, as it is assumed above. One should, however,
remember that there exists a continuous production of heavier fermions, which as it is mentioned
in the second paragraph of this Section, is much stronger than the direct production of LSP, i.e.
of the X-particles. However, the heavy fermions f are produced with huge energy Ef ∼ mR/2.
This energy is thermalized and is transformed into the energy of relativistic species producing
mR/T relativistic particles per one X particles created by the f decays. Moreover, some heavy
fermions could annihilate without creation of X particles, but this effect is rather weak, even
with an account of relativistic delay of the decay.
Let us calculate now the ratio of the number densities of X-particles, to the density of
the relativistic species. The latter is taken as m3X at the initial temperature, Tin = mX , but in
realistic case it can be higher by a factor of few. E.g. the number density of photons is 0.24T 3
and the same is true for other relativistic species: leptons, quarks, gluons, and even for the
electroweak bosons, so our assumption leads to some overestimate of X density. The precise
value depends upon the concrete model.
After freezing, the number density of X-particles remains constant in the comoving volume,
i.e.:
nX = nXfr
(afr
a
)3
= nXfr
(
tfr
t
)2
= nXfr
(xfr
x
)8
, (4.14)
where nXfr is frozen number density of X-particles, afr is the value of the cosmological scale
factor at the moment of freezing, and we used the expansion law a ∼ t2/3 and the relation
between time and temperature tT 4 = const.
The energy density of the relativistic particles drops in the course of expansion from the
moment of X-freezing as:
ρrel = ρrelfr
(
tfr
t
)
= ρrelfr
(xfr
x
)4
, (4.15)
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where
ρrelfr =
pi2g∗
30
T 4fr (4.16)
is the energy density of relativistic matter at the moment of X-freezing.
The number density of relativistic particles is related to their energy density according to
nrel ≈ ρ
rel
3T
= nrelfr
(xfr
x
)3
, (4.17)
where nrelf ≈ pi2g∗T 3fr/90. We neglected here the difference between the effective number of
relativistic species, g∗, in the expression for the energy density and the similar coefficient in the
expression for the number density.
Correspondingly:
nX
nrel
=
nXfr
nrelfr
(xfr
x
)5
=
n
(in)
X
nrelfr
(xfr
x
)5(xin
xfr
)8 x5fr
Qf
. (4.18)
Substituting Qf from eq. (4.5) we find:
nX
nrel
=
90pi
α2βann
m3X
mRm2f
(xfr
x
)5
. (4.19)
This ratio would evolve in this way as a function of x till the complete decay of the scalaron
at T = Thf (2.15). Using (4.1) and (4.9) we ultimately find:( nX
nrel
)
h
=
90pi(ln(Qf ))
5
α2βannx5hf
m3X
mRm2f
=
90pi(ln(Qf ))
5
α2βann(192pi3g∗)5/4
(
mR
mPl
)5/2 m3f
mRm2X
. (4.20)
Later on at GR stage this ratio does not change much, decreasing only due to the heating of
the plasma by the massive particle annihilation.
As is discussed above, after Eq. (4.13), there could be an additional production of X-
particles by the decays of heavier fermions f . However, the contribution of such decays into the
ratio nX/n
rel (4.19) at the freezing temperature Tfr is Tfr/mR and decreases with dropping
temperature. The freezing temperature is determined by Eq. (4.9). Hence the extra contribution
to the number density of X-particles can be safely neglected, if
90pi2
α2βann
(
mX
mf
)2
lnQ > 1. (4.21)
In fact the effect of the additional X-production is somewhat weaker due to ff¯ -annihilation,
which eliminates creation of X-particles. An account of several types of bosonic and fermionic
superpartners does not change our estimates if they are heavier than X roughly by factor ten.
The contemporary energy density of X-particle can be approximately estimated as
ρX = mXnγ
(
nX
nrel
)
h
= 7 · 10−9 m
3
f
mXmR
cm−3, (4.22)
where nγ ≈ 412/cm3 and we take α = 0.01, βann = 10, g∗ = 100, mf = 105 GeV, and
mX = 10
4 GeV. For the chosen values of the parameters Qf ≈ 1.7 · 104, and lnQf ≈ 10.
This energy density should be close to the energy density of the cosmological dark matter,
ρDM ≈ 1 keV/cm3. It can be easily achieved with mX ∼ 106 GeV and mf ∼ 107 GeV:
ρX = 0.23
( mf
107 GeV
)3(106 GeV
mX
)
keV
cm3
. (4.23)
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5 Anomalous decay into gauge bosons
Up to now we omitted possible contribution to the scalaron decay from the the conformal
anomaly. As it was found in Refs. [30–32], the coupling of the massless gauge bosons to gravity
is determined by the anomaly in the trace of energy-momentum tensor of the gauge fields which
can be presented as:
Tµµ =
β2α
8pi
GµνG
µν , (5.1)
where α is the fine structure constant, β is the first coefficient in perturbative expansion of the
beta-function, and Gµν is the gauge field strength. Evidently this coupling leads to the decay
of the curvature R(t) into gauge bosons.
The decay width of the particle production by curvature due to conformal anomaly, as
calculated in Ref. [33], is
Γanom =
βα2N
96pi2
m3R
m2Pl
. (5.2)
It is to be compared with the decay width into minimally coupled massless scalars:
Γs =
m3R
48m2Pl
. (5.3)
The former is suppressed by the factor (βα2N)/(2pi2) but still is much larger than the decay
width into fermions (2.5) with the assumed mass mf ∼ 105 GeV. Nevertheless the suppression is
significant and it may allow existence of very heavy SUSY partners to be dark matter particles.
However, a verification of this hypothesis demands significant calculations and this is a subject
of different study. So we take another route of escape in N = 4 supersymmetry for which
beta-function vanishes and the conformal anomaly is absent, see e.g. review [34], Sec. 13.2, and
references therein.
However, N = 4 super Yang-Mills theories are believed to be unrealistic because they do
not allow to introduce chiral fermions, even if the symmetry is broken spontaneously. Though
spontaneous symmetry breaking is considered to be the most appealing way to deal with the
theories with broken symmetries, it is not obligatory and the symmetry can be broken explicitly.
It is possible to break the symmetry ”by hand” introducing different masses to particles in the
same multiplet. This would allow to construct a phenomenologically acceptable model. Since
the symmetry is broken by mass, the theory would remain renormalizable. At higher energies,
much larger than the particle masses, it would behave as N = 4 super Yang-Mills theory and
at this energy scale the trace anomaly would vanish.
Apart from that there are phenomenologically acceptable N = 1 and N = 2 supersymmet-
ric theories which possess the so called conformal window, i.e. in this theories with a certain
set of the multiplets trace anomaly vanishes. For a review and the list of references see [35].
The conformal coupling of scalar fields to gravity postulated above indeed breaks super-
symmetry but supersymmetry is broken anyhow and this kind of breaking does not lead to
revival of the conformal anomaly.
Gravitational corrections to the trace anomaly leads to appearance of the well known
contribution proportional to the square of the curvature tensor. This contribution does not
lead to production of gauge bosons. Higher loop gravitation corrections, even if result in gauge
boson production, are strongly suppressed.
We thank M. Shifman and A. Vainshtein for the discussion of the presented above features
of supersymmetric theories.
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6 Conclusion
We see that due to the continuous and relatively slow matter production by the oscillating
scalaron field, R(t), the temperature of the ordinary matter in the universe drops much slower
than that in the usual FLRW-cosmology. Correspondingly the canonical relation between tem-
perature of matter and the cosmological time becomes T 4t = CR2 , while usually we have
T 2t = CGR. Here CGR is a universal constant, proportional to the Planck mass, while in R
2-
cosmology CR2 depends on the model and may be strongly different for the scalaron decay into
bosons or fermions.
In the case of the decays into scalars LSP can play the role of dark matter particle if it
is very heavy, noticeably heavier than the scalaron. In the case of the scalaron decays into
fermions or conformally coupled scalars the mass of LSP may be at the level of 103 TeV, so the
situation looks more promising from the point of view of accessibility of LSP in direct exper-
iment. Still today they are far away from the energy of the existing accelerators. The search
for such dark matter particles in low background experiments looks presently more feasible. If
they are discovered, it would be an interesting confirmation of R2 inflationary model.
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